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• We propose a computer simulation model to study the role played by spatial heterogeneity on ecosystems.
• In our model species compete for resources with different abilities.
• Our model is able to reproduce patterns observed in real ecosystems.
• We found that the species–area relationship follows two scaling regimes.
• We have verified a unimodal relationship between species richness and spatial heterogeneity.
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a b s t r a c t
The understanding of the mechanisms that promote biodiversity has implications for con-
servation and extinction of species and has raised the interest of the scientific community
in the last decades. It is well established that spatial heterogeneity is an important factor
influencing species richness. In this work we use a discrete computer simulation model
to survey the impact of spatial heterogeneity on biodiversity patterns of an ecosystem in
which species compete for limiting resources. The main feature of the model relies on the
assumption that species have different requirements for a given resource. Individuals are
arranged over a square lattice, where the sites are occupied by atmost one individual. Indi-
viduals die at a fixed rate. Empty sites may be recolonized by newborn individuals accord-
ing to a growth rate which depends on the ability of the individuals in the use of resources.
We investigate the species–area relationship (SAR), the species abundance distribution and
the dependence of species richness on the number of limiting resources and the degree of
spatial heterogeneity. Commonly, the changes in the number of species with area is well
approximated by a power law.Here,we show that the SARdisplays twopower law regimes.
By assuming that the species’ abilities to consume resources are uneven, we found that the
relationship between species richness and the degree of habitat heterogeneity is described
by a unimodal function, being in agreement with experimental data. The dependence of
the number of species with the number of resources was also investigated. Remarkably, it
is the observation of an optimum value for the number of resources that maximizes the
biodiversity.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
The understanding of how the diversity of species is related to habitat conditions is an issue with increasing interest in
the ecology community. In this sense, spatial heterogeneity plays a prominent role and greatly influences the biodiversity
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in the ecosystems [1–4]. The niche theory [5–7] states that the biodiversity of species is mainly supported by the habitat
heterogeneity and niche partitioning. As a result, a positive relationship between species richness and habitat heterogeneity
is predicted. Another important theory that tries to explain the observed species richness is the island biogeography theory,
introduced by MacArthur and Wilson in 1963 in the context of isolated natural communities [8,9]. The most influential
factors of their approach are the island size (area) and the degree of isolation that affect immigration and extinction rates
of species. The theory provides a dynamic equilibrium between immigration of new species into islands and the extinction
of species previously established.
Recently, Kadmon and Allouche [10] proposed a unified model that integrates the basic elements of the island biogeog-
raphy and the niche theory, namely, area limitation, dispersion limitation, habitat heterogeneity and niche partitioning. In
their model, the species have identical growth and death rates regardless of their identities, and the habitats are ecolog-
ically equivalent. They obtain a unimodal relationship between species diversity and habitat heterogeneity, a fact that is
corroborated by empirical data analysis [11].
The relationship between species richness and area of habitats is very useful in biodiversity studies, since it can be used
to assess diversity and predict species loss upon habitat fragmentation. The most commonly accepted function to describe
the species–area relationship is the power law, S ∼ Az , in which S is the number of species, A is area, and the exponent
z is approximately constant across taxa but differs for islands and contiguous areas. Some studies suggest a dependence
between the slope of the species–area curve and habitat heterogeneity [10,12].
The diversity of species in natural communities is also related to the productivity of the ecosystem, which corresponds to
the rate at which energy flows through the ecosystem [13]. The most observed pattern for the relationship between diver-
sity and productivity is a unimodal curve characterized by a peak at intermediate values of productivity [14,13,15,16]. Some
investigations propose that the observed decreasing of species diversity for high productivity results from the increased
strength of the competitive exclusion, as a consequence of reduced levels of spatial heterogeneity [17,18].
According to the Competitive Exclusion Principle [19–21], the number of species that coexist in a homogeneous environ-
ment cannot exceed the number of limiting resources at equilibrium [22]. Nevertheless, the number of specieswhich coexist
in plankton communities is larger than the number of limiting resources [23]. Huisman and Weissing [22] have observed,
by means of a resource competition model, the coexistence of more species than the number of limiting resources when
three or more resources are considered. They concluded that the competition process is responsible for the biodiversity of
plankton communities.
In the current work we develop a spatial computer simulation model to address the impact of spatial heterogeneity on
biodiversity patterns of an ecosystemwhereby species compete for limiting resources. The species–area relationship and the
dependence of species richness with the number of limiting resources are addressed for varying degrees of spatial hetero-
geneity. Moreover, we also investigate how the diversity depends on spatial heterogeneity when the number of resources is
fixed. As opposed to other approaches, themodel presented here does not assumeneutrality [24] since individuals belonging
to different species differ in their skills to use resources. All species are, to some extent, limited by resources availability and
perform unevenly the process of resource usage, that was considered here as an important factor. The spatial structure is
explicitly considered. Themain objective of the analysis is to assess the effect of area size as well as habitat heterogeneity on
diversity at the steady state. Themain result is a unimodal relationship between species diversity and habitat heterogeneity.
We verify that just a small number of species are able to survive in a homogeneous habitat. On the other hand, heterogeneity
gives rise to opportunities for the coexistence of a larger number of species. However the increasing of habitat heterogene-
ity leads to the reduction of the area of each distinct region of the entire habitat. Consequently, the population sizes of the
species shrink, in such a way that species become more vulnerable to stochastic extinctions. Regarding the species–area
relationship, it is found that the species diversity soars with area according to two power law regimes, one for small areas
and another for large areas. The relation between the exponents of the power laws and the heterogeneity of the habitat is
unimodal. We also observe a unimodal relationship between the number of species and the number of available resources.
The paper is organized as follows.We reproduce ourmodel in Section 2, and the results are shown in Section 3. In Section 4
we present the discussions and conclusions.
2. The model
The population evolves over a two-dimensional lattice of size A = L × L with periodic boundary conditions. Each site
of the lattice holds n resources. The amount of resource j(j = 1 . . . n) available on site i, denoted by Rij, is obtained from
a uniform distribution in the range [0, . . . , 1], and remains constant over time. Each site can be occupied by at most one
individual, which by its turn use all the resources on the site. In order to introduce spatial heterogeneity, the lattice is divided
into h different regions, all with the same area (Fig. 1), such that sites belonging to the same region have similar resource
availability.
At the beginning of the simulation one individual is assigned to each cell. Individuals are not allowed to diffuse over the
lattice. Initially, every individual is identified by an integer number k randomly draw from a uniform distribution in the
range [1, . . . ,N], where k denotes the species label. Each species k is characterized by a set of n half-saturation constants
Kkj, where j denotes the resource label. The half-saturation constant for a given resource represents the resource abundance
needed for the species to reach half of its maximal growth rate [20]. A small value of Kkj indicates that species k is a strong
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Fig. 1. The figure represents a lattice of size A = 16 that is divided into h different regions with the same area. The sites of the lattice contain three types
of resources which are represented by the colorful circles. Each resource is represented by a distinct color and the size of the circle is proportional to the
amount of the referred resource. In part (a) the sites are all identical. We show a homogeneous lattice in which the amount of each resource is the same
for all sites on the lattice. In part (b) we present a lattice divided into h = 4 different regions, in which the area of each region is equal to four and part (c)
represents a lattice in which the resource distribution is completely heterogeneous.
competitor for resource j while a large value of Kkj means that species k is a weak competitor for that resource. The half-
saturation values are drawn from a Gaussian distribution with mean 1 and variance 0.01.
The differentiated efficiencies of each species in the management of resources are taken into account since the fitness of
an individual of species k on the site i is given by
fki = min

Ri1
Kk1 + Ri1 ,
Ri2
Kk2 + Ri2 , . . . ,
Rin
Kkn + Rin

. (1)
Each term in the right side of the above equation corresponds to the species growth rate due to a given resource and
min is the minimum function. The species’ growth rates related to each resource are given by the Monod equation, that
was originally proposed for the growth of bacteria [20,25,26]. Since we have considered essential resources, we have used
Liebig’s law that constrains the growth rate to the availability of the most limiting resource [20,22,26–28]. Since different
species have different sets of half-saturation constants, their fitnesses can be quite distinct, resulting in different values of
reproductive rates. The Monod equation and Liebig’s law are combined to describe the competition under the condition of
scarce resource [22,29]. Alternative models have also been studied in Ref. [30].
Nowwe describe the dynamics. As the first step of the simulation, one site is randomly chosen. The individual occupying
that site dies with probability m, and if death occurs, the site will become empty. If the individual does not die and if there
is at least one empty site in its neighborhood, which comprises the four nearest neighbors, the individual will produce
an offspring with probability equal to its fitness, as given by Eq. (1). The offspring will occupy one of its empty neighbors
(which is randomly chosen). If the individual does not produce an offspring, the empty sites in the neighborhood will not
be recolonized because individuals are not allowed to move on the lattice. Notice that individuals cannot reproduce when
all the sites in its neighborhood are occupied by other individuals. One time step corresponds to repeating this procedure A
times. After that, we count the total number of species in the lattice, S.
The storage of eaten food is not considered here.We suppose that at each time step, the individuals eat the available food
on the site. In the next step, the same amount of food will be available again. The amount of each resource type affects the
fitness of each individual. By varying the amount of each resource in each site, a heterogeneous landscape is generated.
It is worth mentioning that the competition occurs indirectly, because species that are surrounded by individuals of any
other species are prevented from spreading, since it requires vacant locations.
3. Results
We are interested in understanding the effects of the spatial heterogeneity and the number of resources on the diversity
of the ecosystem. Initially we investigated how the average number of species on the lattice, S, varies with time. We fixed
A = 250 000,N = 1000 species and varied the number of habitats on the lattice, h. Fig. 2 shows S as a function of time for
systems with different values of h, and the species compete for 3 or 10 resources. The data points correspond to averages
over 50 independent simulations. We notice an abrupt decreasing in the average number of species, followed by a regime in
which S remains roughly constant. An increased number of habitats h favors the coexistence of a greater number of species
on the lattice. However, when the number of habitats h is further augmented, the number of species decreases with h as a
consequence of the decreasing of the area size of each habitat which in its turn leads to smaller population sizes, favoring
species with high population sizes. We also verify from Fig. 2 that lattices containing 10 resources harbor more species than
the ones containing 3 resources.
Next we study the relationship between the average number of species and area size. In order to obtain the average
number of species for each area size, we have run 50 independent simulations with 1× 106 time steps. We subdivided the
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Fig. 2. Average number of species S as a function of time for lattices containing 4, 25, 64, 100, 196, 400 and 250000 habitats. Species are competing for
(a) 3 resources and (b) 10 resources.
a b
Fig. 3. Species–area relationship for networks containing 4 (◦), 16 (), 64 (♦) and 400 (△) distinct habitats with (a) 3 resources and (b) 10 resources.
Table 1
Values of exponent z for the two power law regimes obtained for heterogeneous lattices
containing 3 and 10 resources.
h 3 resources 10 resources
z (small areas) z (large areas) z(small areas) z(large areas)
4 0.0290± 0.0035 0.1301± 0.0018 0.0357± 0.0048 0.1771± 0.0185
9 0.0596± 0.0058 0.2861± 0.0351 0.0593± 0.0063 0.3972± 0.0345
16 0.0649± 0.0073 0.2811± 0.0197 0.0655± 0.0081 0.3367± 0.0305
25 0.0867± 0.0143 0.2608± 0.0028 0.0923± 0.0151 0.3745± 0.0181
36 0.0918± 0.0093 0.382± 0.0244 0.1004± 0.0113 0.5391± 0.0454
64 0.1100± 0.0119 0.3491± 0.0029 0.1102± 0.0137 0.4776± 0.0307
100 0.1282± 0.0138 0.3628± 0.0061 0.1083± 0.0156 0.4791± 0.0021
196 0.1539± 0.0159 0.4063± 0.0080 0.1670± 0.0196 0.5852± 0.0215
400 0.1518± 0.0111 0.4103± 0.0067 0.1684± 0.0154 0.5943± 0.0109
250000 0.0496± 0.0018 0.0496± 0.0018 0.0576± 0.0015 0.1292± 0.0063
lattice of 250000 sites into sublattices of areas As = 4, 16, 25, 100, 400, 625, 2500, 10 000, 15 625 and 62500. For example,
to obtain the value of S for area equal to 62500 we divided the lattice into 4 sublattices and then counted the number of
species in each sublattice. The procedure is repeated for the remaining 49 runs. The value of S is then the average over the
200 measurements. Fig. 3 displays S versus area for some values of h, and n = 3 and n = 10. It is possible to distinguish
two power law regimes, i.e., S ∼ Az . The value of the exponent z for small areas is always smaller than the onemeasured for
large areas, meaning a steeper increasing of the number of species for large areas. Additionally, in both regimes, the value
of exponent z grows with the number of habitats and then drops when the number of habitats becomes large (see Table 1).
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Fig. 4. Average number of species S as a function of the number of habitats h for lattices containing (a) 3 resources and (b) 10 resources.
Fig. 5. Number of species as a function of the number of resources for lattices containing 4, 9, 16, 36, 100, 400 and 40000 habitats.
Fig. 4 exhibits how the number of species changes when the number of habitats is varied. We observe a unimodal
relationship. The increase in the number of species for small h is expected since heterogeneity creates new opportunities for
species to survive, due to the fact that each habitat can harbor a different set of species. In this regime, the effective area for
each species is not a limiting factor. Conversely, high values of h entails a drastic reduction of the habitat size and thereby
small population sizes of species, meaning strong stochastic effects. In this way, a further increase of h has a detrimental
effect on the biodiversity S. The value of h that maximizes S shifts towards larger values as L is augmented. In other words,
when the number of habitats is larger than the critical value in which the diversity reaches the maximum, area becomes a
limiting factor and diversity decreases. This phenomenon has been called in the literature the area–diversity tradeoff [11].
Nowwe can better understand the scenario displayed in Fig. 3. In that case, the area A is varied for fixed values of spatial
heterogeneity. When the area is small, the system is constrained to the regime where area is a limiting factor and therefore
the diversity presents a shallower growth with A. When the area is large, the diversity is favored. This implies that the
growth rate of the number of species is higher than in the previous case. The value of area which separates the two power
law regimes is related to the critical point which separates the region where S is positively correlated to h from the region
in which S has a negative correlation with h.
The dependence of the number of species on the number of resources is presented in Fig. 5. Here we have run our
simulations for lattices of area A = 40 000, and several values for the number of habitats. We notice a unimodal relationship
between the number of species and the number of resources, which is in agreement with the results obtained from other
theoretical and empirical studies [13–16]. When just one resource is available, the species that has the greatest fitness
displaces all the other species. The augmentation of the number of resources makes possible the coexistence of species.
Provided that distinct habitats have different distribution of resources, one species that is the best competitor on a given
habitat is not necessarily the best competitor on another habitats. An additional increase of the number of species leads to
the decreasing of the population sizes and, after the diversity reaches a peak, we can verify the decreasing of the number of
species with the number of resources. In this regime only generalist species, which are the ones that are efficient in the use
of all resources, are able to survive. This behavior is only observed for heterogeneous habitats, and it becomes more evident
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Fig. 6. Number of species with population size equal to N, n(N), as a function of logN for populations competing for 10 resources on lattices containing
(a) 4, (b) 36, (c) 100 and (d) 400 habitats.
when the heterogeneity (number of habitats) is augmented. Again, when the number of habitats is very large the diversity
becomes very low and the unimodal relationship ceases to exist.
In Fig. 6we present the population size distribution for systems inwhich populations compete for 10 resources on lattices
containing h = 4, 36, 100 and 400 habitats. For each value of h, 10 independent simulations with lattices of size L = 100
were considered. We notice that only species with large population sizes are present when the number of habitats is small.
However, when the number of habitats is enlarged the distribution becomes broader and its mean shifts towards smaller
values. We can clearly see from Fig. 6 that the increasing of the number of habitats has as a consequence the coexistence
of a larger number of species with smaller population sizes. On the other hand, when the value of h is very large, there is
observed the rising of a second peak corresponding to species with large population sizes as a consequence of the reduction
of the number of species.
4. Discussion and conclusion
There has been a long debate about the main mechanisms that promote biodiversity. Among these investigations some
highlight the prominent role that area and habitat heterogeneity play in the generation and maintenance of the biodi-
versity [31–35]. Some works claim that both elements act together as the main driving force to generate the richness of
species [11]. The question of whether these elements act together or independently still remains open. There is recent evi-
dence in favor of a trade-off between area and habitat diversity [11,12]. Kallimanis et al. built a statistical model to estimate
the correlation between area and habitat diversity [12]. They applied the model in a large dataset for the plant species com-
position in Greek protected areas. They found significant estimation showing that the slope of the species–area curve is
affected by the habitat heterogeneity.
Once one has established the interaction of habitat diversity and area, the challenge is to find the function that is able
to shape it. More recently, Allouche et al. [11] examined very large datasets and found that the global shape of the hetero-
geneity–diversity relationship is unimodal in the majority of instances. They also proposed a Markov model to qualitatively
predict this relation. Their model considers area, habitat heterogeneity, migration, mortality and reproduction rates as the
set of parameters. However, they do not consider any kind of resource competition among species. All the species were
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considered as ecologically equivalent. The agreement between their theoretical and empirical findings gave support to the
concept of area–heterogeneity trade-off as a fundamental key to understand themechanisms that drive the species diversity.
The presentmodel differs from theprevious one in someaspects, butmainly for taking into account the interaction among
species through a resource competition framework. The first analysis is focused on the species–area relation. We obtained
two power law functions, as was depicted in Fig. 3. This suggests we shall investigate the behavior of the power law slope
in each regime against the environmental heterogeneity. It was found here that the exponent z is a nonlinear function of
heterogeneity in both regimes, as shown in Table 1. It means that a higher heterogeneity degree leads to an increase of
the species diversity. From a certain point, the competition among species becomes more intense and produces a negative
feedback in the biodiversity. We saw that in the limit where a completely random environment (maximum heterogeneity)
is considered, the diversity reaches a very low level. This phenomenon is better depicted in Fig. 4, where a unimodal relation
was found. The mechanism that explains the unimodal shape for the heterogeneity–diversity relationship derived from our
model is intuitive. When the habitat heterogeneity is at a low level, but the area is large enough to allow a population to
avoid extinction, the species diversity tends to increase since the coexistence is favored due to space availability and resource
variety. So heterogeneity and diversity are positively correlated. At some level, the habitat heterogeneity provides suitable
conditions to harbor a large number of species with different ecological requirements. However it cannot grow indefinitely.
In fact, beyond a given heterogeneity level, the biodiversity decreases. To explain this change we need to think in terms of
an effective area per habitat. Consider an ecosystemwith total area A. If the number of distinct habitats is h, the average area
per each habitat is just Ah . As the heterogeneity h increases, the available area per habitat decreases. So, the effective area
naturally will imply a hard constraint to the population size. In this case, the number of extinct species will increase causing
a diversity reduction. It is interesting to notice that, in the vicinity of the maximum of diversity, the fluctuation is very high,
as depicted by the large error bars in Fig. 4.
Habitat heterogeneity stands for variations in the composition of the nutrients or resources to be consumedby the species
occupying the niche. Different species can have distinct requirements for a given resource. Thus, the specieswith the highest
efficiency in the use of that resource should dominate the niche. Since the number of resources is very limited, it implies
that, at equilibrium, at most k species can coexist in an environment with k resources. Huisman and Weissing [22] showed
that it is possible to accommodate more species than resources in a homogeneous habitat due to a chaotic oscillation in the
abundance of species. Herein, we explored another mechanism which is responsible for the increase of the biodiversity on
a competitive species dynamics under limiting resource conditions, namely, the heterogeneity of habitats. It is shown that
species richness (S) peaks at an intermediate number of resources. We can see that the habitat heterogeneity favors the
growth of the diversity of species. However, a negative effect is observed when the number of resources is large and for a
highly heterogeneous environment. The reason for this behavior is the dominance of the competitive exclusion along the
dynamics in this region. In our model, when the number of resources is increased, the number of half-saturation constants
corresponding to each new resource k for species j, Kkj, is also increased. This fact leads to a broader distribution of values of
the half-saturation constants. As a consequence, the value of the constant for the resource that is more limiting is increased,
leading to a decrease of the fitness of the species. The drop in fitness makes possible the coexistence of more species when
the number of resources is augmented. However, above a certain value of the number of resources the diversity starts to
decrease, since now the number of species which is able to reproduce becomes very small.
To sumup, we investigated the role developed by spatial heterogeneity aswell as by the number of resources on a system
inwhich species compete for limiting resources.We verified that the species–area relationship presents two scaling regimes
in which S ∼ Az . The value of the exponent z is dependent on the number of habitats on the lattice. In the following we
investigated the role of the habitat heterogeneity and we showed that there exists an inflection point h∗ that maximizes the
species diversity. The findings provided by the present model are in agreement with empirical and theoretical studies. The
novelty concerns the competition among species in the context of limiting resources and the spatially explicit structure that
introduces a competition for space. This feature brings realism to themodel without making it more complicated. A discrete
model is important due to the possibility to making it more adjustable to real situations.
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